Three mutations on the penicillin acylase surface (increasing the number of Lys in a defined area) were performed. They did not alter the enzyme's stability and kinetic properties; however, after immobilization on glyoxyl-agarose, the mutant enzyme showed improved stability under all tested conditions (e.g., pH 2.5 at 4°C, pH 5 at 60°C, pH 7 at 55°C, or 60% dimethylformamide), with stabilization factors ranging from 4 to 11 compared with the native enzyme immobilized on glyoxyl-agarose.
A new strategy to improve enzyme stability that consists of using site-directed mutagenesis not to directly improve enzyme activity or stability but to increase the multipoint covalent attachment is proposed in this study. Thus, by using glyoxylagarose supports (3, 8) and by increasing the lysine content of the lysine-rich regions of the enzyme surface, we intend to achieve a more intense multipoint attachment of the penicillin G acylase (PGA) to the support, which contributes to improving its overall rigidity and, therefore, its stability against any inactivating agent (2). The advantage of this strategy compared to strategies directed at stabilizing the structure of the soluble enzyme via protein engineering (13) is that, in contrast to the high unpredictability of the amino acid changes required to enhance enzyme stability in solution, it provides an easy way to determine the amino acid changes that could be introduced in the protein surface to improve enzyme immobilization without altering the enzyme's properties. Moreover, whereas changes that stabilize enzyme structure might provide only limited stability under specific conditions, the overall rigidification achieved by this approach should render an enzyme stable under any adverse conditions (e.g., high temperature, organic solvents, or extreme pH).
Molecular dynamics of PGA enzyme structure. Models of the different mutants were built on the basis of the crystal structure of PGA (9) . Amino acid changes were introduced by using the O graphic program (10) from a database of more common conformers (12) . Models were energy minimized by a slow-cooling protocol by simulated annealing (5) starting at 2,500 K as implemented in XPLOR (4) .
DNA manipulation and protein purification. The pac gene was amplified by PCR with the primers TOPO5Ј (5Ј-ATGAA AAATAGAAATCGTATGA-3Ј) and TOPO3Ј (5Ј-TACAAC CTCCCGACCAATGAAA-3Ј), and Escherichia coli ATCC 11105 DNA (6) was used as a template. The PCR product was cloned into the vector T101/D-TOPO (Invitrogen) and the resulting plasmid pOAF was expressed in E. coli BL21(DE3). Site-directed mutagenesis of the pac gene was performed in two steps by a PCR megaprimer method (1, 15) with TOPO5Ј and TOPO3Ј as external primers. The mutagenic primers MUTb13-5Ј (5Ј-CGGCAAAAGCAAAGCCCAGAAAGCG AAAGCAATCATGG-3Ј) and MUTb13-3Ј (5Ј-CCATGATT GCTTTCGCTTTCTGGGCTTTGCTTTTGCCG-3Ј) were used for constructing the first pac mutant (Asp13Lys). With this mutant used as a template, the triple pac mutant containing the additional mutations Glu272Lys and Arg276Lys was constructed with the primers MUTb272-276-5Ј (5Ј-GAGATC GACCGACTGCTTAAACAAAAGCCAAAATTAACTG CTGATCAGCATG-3Ј) and MUTb272-276-3Ј (5Ј-CATGCCT GATCAGCAGTTAATTTTGGCT TTTGTTTAAGCAGTCG GTCGATCTCC-3Ј). The triple pac mutant was cloned into plasmid pT101/D-TOPO, and the resulting plasmid pOAF3mut was expressed in E. coli BL21(DE3). Transformants were incubated at 22°C in Luria-Bertani medium containing ampicillin (0.1 mg/ml) and 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) (14) , and cells were broken by sonication. The wild-type and mutant PGA enzymes were purified by fastperformance liquid chromatography with a Q-Sepharose highperformance column (Pharmacia) and a gradient of 0 to 100 mM NaCl in 50 mM Tris-HCl, pH 8.5.
Studies on the activity and stability of PGA-immobilized derivatives. The stability of PGA-immobilized derivatives is expressed as the initial rate of inactivation of the different enzyme preparations. The initial inactivation rate, defined as K i , is the percentage of enzyme activity lost per hour under defined experimental conditions. This value was calculated based on the time when the activity loss reached 20%. The stabilization factor was calculated as the ratio between the initial rate of inactivation of the reference and that of the studied derivative. Experiments were carried out in triplicate, and standard errors were never over 2%. Activity was determined by using 6-nitro-3-phenylacetamidebenzoic acid (5 mM) at pH 7.5 and 25°C (11) or penicillin G (10 mM) at pH 8 and 25°C.
Determination of suitable mutations. We decided to focus our attention on a region located just opposite an active center very rich in Lys. To avoid altering the properties of the enzymes, two types of amino acid replacements were analyzed: (i) conservative mutations such as replacing arginine by lysine or (ii) nonconservative mutations such as replacing acidic residues (glutamic or aspartic acids) with lysine by using groups not involved in salt bridges. Moreover, the rationale for proposing the substitution of acidic amino acids in PGA was derived from a previous study in which it was demonstrated that all external glutamic and aspartic residues of PGA could be modified with ethylenediamine (a much more dramatic modification) without having a significant effect on PGA activity (7). In accordance with this strategy, we located in this region three residues (Asp␤13, Glu␤272, and Arg␤276) that were suitable for our purpose.
When both wild-type PGA and mutant PGA structures were compared, no significant folding differences were found, even in the regions close to the mutations. Effect of mutations on the characteristics of the soluble enzyme. The specific activities and K m of both pure enzymes were very similar (respectively, 50 Ϯ 2 U/mg and 25 Ϯ 2 M for the native PGA and 46 Ϯ 2 U/mg and 28 Ϯ 2 M for the mutant enzyme). The thermal stability of both enzymes at different pH values (from pH 5 to pH 10) was also comparable.
Properties of native and mutant PGA enzymes immobilized on CNBr-Sepharose or on glyoxyl-agarose. Both the wild-type and mutant PGA enzymes were immobilized on CNBr-Sepharose (as a reference). Stability ( Fig. 1 ) and kinetic constants of both enzymes remained parallel after this immobilization.
Immobilization on glyoxyl-agarose occurred in less than 10 min and allowed enzyme activity to be preserved. With this support, the immobilized mutant enzyme was always more stable than the immobilized wild-type PGA under various inactivation conditions: at different pH values (e.g., at pH 5 and 60°C) (Fig. 2) or with organic solvents (Table 1 ). Bearing in mind that the native immobilized enzyme was 10,000-fold more stable than the soluble enzyme (8), we can assume that the new mutant PGA derivative showed a half-life that was 100,000-fold higher than that of the soluble wild-type enzyme. Both immobilized enzymes presented similar activity and pH profiles (Fig. 3) .
To summarize, we have demonstrated the feasibility of a novel strategy that involves the use of site-directed mutagenesis to improve the stabilization of enzymes via multipoint covalent attachment, instead of creating mutations to stabilize FIG. 1. Thermal stability of CNBr-Sepharose derivatives of wildtype and mutant PGA enzymes. Thermal stability was determined by assaying the residual activity of the CNBr-Sepharose derivatives of wild-type PGA ({ and }) and mutant PGA (E and F) after incubation at 50°C in 50 mM sodium phosphate buffer, pH 7.0 (} and F), or at 55°C in 50 mM sodium acetate buffer, pH 5.0 ({ and E). the soluble enzyme. To increase the number of attachment sites, we have proposed two types of amino acid changes on the enzyme surface, i.e., replacing either arginine or acidic residues by lysine. These changes have been found to cause a negligible effect on the activity and stability of soluble enzymes. The success of this approach is closely related to the use of a suitable immobilization system; based on the results, glyoxyl supports are revealed as a very suitable immobilization system. By using this combined approach, the rigidification of the enzyme structure after immobilization was significantly increased, hindering the conformational changes induced by any inactivating agents. This strategy could be of general applicability to other enzymes.
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